Based on a newly proposed mirror-matter model of neutron-mirror neutron (n − n ) oscillations, evolution and nucleosynthesis in single stars under a new theory is presented. The new theory with the new n − n model can demonstrate the evolution in a much more convincing way than the conventional belief. In particular, many observations in stars show strong support for the new theory and the new n − n model. For example, progenitor mass limits and structures for white dwarfs and neutron stars, two different types of core collapse supernovae (Type II-P and Type II-L), synthesis of heavy elements, pulsating phenomena in stars, etc, can all be easily and naturally explained under the new theory.
Neutron dark decays or some type of n − n oscillations [1] [2] [3] [4] [5] have become a focus of many research efforts recently, at least partly owing to the 1% neutron lifetime discrepancy between two different experimental techniques [6, 7] . Unfortunately, most of the ideas were dismissed shortly by other experimental work [8] [9] [10] [11] [12] . People are referred to Ref. [1] for more detailed discussions on this aspect. In particular, an interesting study of n − n oscillations in neutron stars [13] combined with a detailed analysis of pulsar timings and detection of gravitational waves [12] seems to set a very tight constraint on the effect of n−n oscillations which will be addressed in this work.
Most proposals of the n − n type of oscillations tried to introduce some sort of very weak interaction between normal sector and mirror (dark) sector related to a high energy cutoff.
Such interaction then makes a small mass difference of n − n and hence the oscillations.
The issue is that it also inevitably makes the oscillations entangled with magnetic fields in an undesirable way due to the nonzero magnetic moment of neutrons. More and more experiments keep pushing its limit to the extreme and effectively disprove such ideas.
A newly proposed model of n − n oscillations [1] , contrarily, looks at least more viable. It is based on the mirror matter theory [14] [15] [16] [17] [18] [19] [20] [21] , that is, two sectors of particles have identical interactions within their own sector but share the same gravitational force. Such a mirror matter theory can explain various observations in the universe [1] including a requirement of strongly self-interacting dark matter to address numerous discrepancies on the galactic scale [22] .
In particular, no cross-sector interaction in this model [1] is required, unlike other n − n type models. The critical assumption of this model is that the mirror symmetry is spontaneously broken by the uneven Higgs vacuum in the two sectors, i.e., < φ > =< φ >, although very slightly (on the order of 10 −15 ) [1] . When fermion particles obtain their mass from the Yukawa coupling, it automatically leads to the mirror mixing, i.e., the basis of mass eigenstates is not the same as that of mirror eigenstates, similar to the case of ordinary neutrino oscillations due to the family or generation mixing. Further details of the model can be found in Ref. [1] .
The immediate result of this model is the probability of n − n oscillations in free space [1] ,
where θ is the n−n mixing angle and sin 2 (2θ) denotes the mixing strength of about 2×10 −5 , t is the propagation time, and ∆ nn = m n −m n is the small mass difference of about 2×10 −6 [1] . Note that the equation is valid even for relativistic neutrons and in this case t is the proper time in the particle's rest frame.
If neutrons travel in medium, each collision or interaction will collapse its oscillated wave function into a mirror eigenstate, in other words, during mean free flight time τ f the n − n transition probability is P nn (τ f ). The number of such collisions will be 1/τ f in a unit time.
Therefore, the transition rate of n − n for in-medium neutrons is [1] ,
Now we can apply this model to the evolution and nucleosynthesis of stars. In particular, single stars are discussed for simplicity and assumed to be composed of pure ordinary matter in the beginning as it is typical during the formation of inhomogeneities in the early universe and segregation of ordinary and mirror matter on the scale of galaxies or stars [15] [16] [17] [18] . We will discuss two cases. One is low mass stars (< 8M ) which will eventually die as a white dwarf. The other is more massive stars (between 8 − 20M ) that will undergo supernova (SN) explosion where a rapid neutron capture process (r-process) could occur for making half of all heavy elements [23] and leave a neutron star in the end.
For both cases the star burns hydrogen first via the so-called pp-chains and CNO cycles [24, 25] . This is the longest burning process and can take up to billions of years depending on its initial mass. Then the ashes of the hydrogen burning, 4 He nuclei, start forming 12 C via the triple-α process [26] at T = 10 8 K (9 keV in energy). However, that is where the proposed new nucleosynthesis theory starts to part ways with the conventional wisdom.
All the above processes do not produce neutrons. So we first review all the possible nuclear reactions for neutron production in stars. The reaction has to be of (X, n)-type where X may be one of existing nuclei like proton, α, or 12 C at this moment. It has to be energy-releasing, i.e., with a positive Q-value. Some reactions with a slightly negative Qvalue (e.g., > −1 MeV) may contribute as well, especially at higher temperatures. Reaction rates of such reactions are taken from JINA REACLIB database [27] and listed in Table I where two reactions with positive Q-values immediately stand out, [27] . The neutron production efficiency factor f n is defined as the ratio of the neutron mass to the total mass that goes in the reaction. where the first one is fairly well studied [28] while the second reaction is not, especially at low temperatures [29, 30] . As shown in Table I , the neutron production efficiency factor f n defined as the ratio of the neutron mass to the total mass involved in the reaction will be used extensively in the following discussion.
Conventional understanding for massive stars believes that the density and temperature are high enough at the end of the 3α process so that it can start the 12 C + 12 C fusion reaction, subsequently fusing the resulting heavier nuclei like oxygen, silicon, etc, and eventually making the most bound iron material in the core [31] . In this scenario, although refuted by the proposed new theory, both 12 C( 12 C,n) and 12 C( 16 O,n) could play a role in neutron production in stars. Unfortunately, only 10% of their total cross sections (with the other 90%
going to the emission of protons and alphas) [32, 33] produce neutrons making the efficiency factor f n (shown in Table I ) too small to contribute. Also listed in Table I , 22 Ne(α, n) has been considered as the neutron source reaction for the weak s-process in massive stars [34] . Now let us first see how the n − n oscillation mechanism works in the conventional picture of nucleosynthesis in low mass stars like our sun. According to the conventional understanding, the star may continue to burn some of 12 C to 16 O by alpha capture reaction but it can not start carbon + carbon fusion due to insufficient density and temperature [31] .
The star now has an envelope and burning shells of H and He mixed with CNO elements and a C/O core and eventually at a stage called asymptotic giant branch (AGB) where the slow neutron capture process (s-process) occurs for making heavy elements [35] . The neutron source reaction 13 C(α, n) operates at the outer layer of the star and 13 C can be created from
The s-process environment is typically regarded as follows: density ρ ∼ 10 3 g/cm 3 ; temperature T ∼ 10 8 K; neutron number density n n ∼ 10 8 /cm 3 [36] . For simplicity, we assume the star has a little iron with a solar abundance that will serve as seed at the start of the s-process.
The mean free flight time τ f of neutrons in the stellar medium is determined by the scattering cross sections of nuclei. It can be defined by the scattering rate λ f as follows,
where N A is the Avogadro constant, < σ nN v > is the thermal average of neutron-nucleus scattering cross section times neutron velocity, and Y N is the mole fraction of the nucleus (i.e., its mass fraction divided by the mass number of the nucleus) [31] . The typical neutronnucleus scattering cross section is about one barn and fairly energy-independent [37] . And the neutron velocity under the s-process temperature (10
In the outer layer of the AGB where 13 C(α, n) operates, the sum of Y N ∼ 0.1 corresponds to the helium and CNO elements. Therefore, we can easily get τ f ∼ 10 −9 s from Eq. 5 for neutrons in the s-process environment and the propagation factor of Eq. 2 is averaged to 1/2.
On the other hand, we also need to calculate the neutron loss rate due to the capture reactions on heavy nuclei which was the main motivation in the study of the s-process.
Similar to Eq. 5, we can write the neutron loss rate from capture reactions as follows,
where the neutron capture reaction rate N A < σ cap v > is about 10 3 cm 3 /mol/s for 12 C and about 10 6 cm 3 /mol/s for 56 Fe at s-process temperature [27] . For capture reaction on 56 Fe which represents the seed for s-process with Y 56F e ∼ 10 −5 inferred from the solar abundance, the rate λ cap ( 56 F e) is about 10 4 s −1 . The rate is similar for capture reactions on light C/O nuclei. However, this capture process does not contribute to the loss rate of neutrons since the resulting 13 C will release the neutron via (α,n) reaction later. Therefore, the neutron loss rate due to capture reactions or s-process is λ cap ∼ 10 4 s −1 .
From Eqs. 2 -6, we can obtain the branching ratio of the neutrons that oscillate into mirror neutrons to those that are captured into nuclei,
which indicates that similar amounts of neutrons lost to either nn oscillations or s-process in the beginning. Note that this branching ratio does not depend on the density because the individual rates depend on the density in the same way and get canceled for the ratio.
Also note that the condition is for the very beginning of s-process. The s-process is a very slow process as it has to wait for many long-lived nuclei to decay along the path before it can capture neutrons again [31] . So on average, s-process may only use a small fraction of all available neutrons and most of the neutrons may go via the n − n oscillation process. Additionally, current model simulations [38] typically use very small amounts of 13 C (10 −6 −10 −5 M ) to reproduce the s-process. This shows evidence that n−n oscillations may take away most of produced neutrons.
Then where do the mirror neutrons go? Taking the similar step as suggested in Ref. [13] , the mirror neutrons coming out of the oscillations will travel to the core of the star due to gravity. The n − n oscillations are forbidden in bound nuclei due to energy conservation, but they do occur in stars when neutrons are produced free. However, the neutrons emitted from 13 C(α, n) can have energy up to 2.2 MeV and potentially escape from the star if it oscillates immediately into a mirror neutron. Fortunately, the very short mean free flight time discussed above makes the neutron thermalized first before oscillating into a mirror neutron. Its thermal energy is about 8.6 keV at T = 10 8 K. Assuming that the inner part of the star is white-dwarf-like (e.g., 1M and Earth-size), it can provide a gravitational binding energy of ∼ 0.2 MeV in addition to the energy the outer layer can supply should the mirror neutron escape. Therefore, most of the mirror neutrons will go to the core.
Remember that mirror neutrons interact with ordinary matter only via gravity, so they become uniformly mixed with ordinary matter in the core with equal density. The details on the core will be discussed with the new theory later.
One observation on the factor f n in Table I seems to be particularly interesting.
converts about 1/17 of the total mass into neutrons. Suppose that all the neutrons oscillate to mirror neutrons ending up in the core, it means that almost 6% of the star mass will go into the core in this way. If other similar reactions contribute as well, this may provide a link to connect the Chandrasekhar limit [39] to the mass limit on the progenitor [40] .
If this indeed is the scenario, our understanding of star nucleosynthesis has to be changed.
The CNO elements may have additional functions other than serving as catalyst for making helium. In particular, the CNO elements 13 C and 17 O can go via (α, n) reaction (positive reaction Q-values) and to a certain extent 18 O(α, n) and 18 O(α, γ) 22 Ne(α, n) (a little negative reaction Q-values) too at higher temperatures.
As shown below in the proposed new theory, the neutron production process plays a critical role in the evolution and nucleosynthesis of a star. The n−n oscillations dictate how the degenerate core is formed, how the mass of the progenitor is related to the Chandrasekhar limit and the neutron star mass limit, and why or when the star may explode -a difficult task for current simulations to do.
Imagine in an ideal burning, starting with 13 C(α, n), 16 O will be accumulated as ashes from the burning of all carbon nuclei. Then in the second step, hydrogen fuel is added and
starts to take effect and converts all oxygen nuclei to neon nuclei. From both reactions, it effectively converts star matter into mirror neutrons by (1/17 + 1/21) = 10% according to the f n factors shown in Table I . At the same time, both neutron source reactions could provide a small fraction of neutrons for the s-process. To meet the Chandrasekhar limit of about 1.4M for a white dwarf, mirror neutrons cannot exceed 0.7M in mass or no more than 7M star matter can be burned. There is another 0.7M of ordinary matter in the core that do not participate in the burning. That brings up the lower limit of 7.7M for any core-collapse supernova to be possible, which is in excellent agreement with the observation limit of 8 ± 1M [40] .
As a matter of fact, the above picture is not unlikely; instead it is more natural. Taken into account the rates from Table I at T = 10 8 K when the triple-α process starts, one can see how this could occur. At this moment the star as a red giant has a helium core and hydrogen envelope and a small amount of hydrogen is mixed in the helium core. The first step considered here is dictated by the slowest triple-α reaction. Since this burning process starts from the center of the star and gradually expanding outwards, the red giant becomes brighter as it evolves. The typical structure of the star at this phase is shown in Fig. 1 .
When three helium nuclei fuse into a 12 C nucleus, it quickly captures a mixed-in proton to become unstable 13 N which has a 10-minute β + -decay half-life. A possible alternative path via 12 C(α, γ) (as commonly believed) does not play a role as its reaction rate is 15 orders of magnitude [27] lower than that of 12 C(p, γ) due to a higher Coulomb barrier. Neither does 13 C(α, γ). The only requirement is the existence of a small amount of hydrogen. Several scenarios indeed make it plausible. First, for a low metallicity star, i.e., no significant amount of CNO elements present in the beginning, only pp-chain burns the initial hydrogen. At this point of the star's life, it is probably no more than or close to two times the p-p reaction lifetimes. Therefore, we could have more than 10% hydrogen left in the core. Even if significant CNO elements exist and exhaust hydrogen in the core, their highly temperature sensitive reaction rates result in plenty of hydrogen left at lower temperature regions outside the core. The core is not degenerate for stars with M > 2M [41] , and the burning can cause convection which could bring in fresh hydrogen from outside. If none of the above works, when the triple-α burning front grows out of the small original core 12 C(p, γ) and subsequently 13 C(α, n) can then proceed.
The two reasons why 13 N waits for its decay instead of capturing another proton: most of the nearby hydrogen has been used up first by 12 C; the 12 C(p, γ) rate (10
is much higher than that of 13 N(p, γ) (10 −6 cm 3 /mol/s) [27] . In the end, 13 N will decay into 13 C. If hydrogen is overabundant in the burning region, the CNO cycles will quickly fuse the excess into 4 He that are then burned into 12 C and eventually 13 C. Because the 13 C(α, n) rate is ten orders of magnitude higher than the triple-α rate [27] , 13 C is quickly converted into 16 O after the 13 N decay on a 10-minute time scale behind the triple-α burning front.
Note that the n − n oscillations effectively make 13 C(α, n) a cooling reaction by losing the kinetic energy of the mirror neutron, which may help stabilize the burning front.
As discussed earlier, the generated neutrons then oscillate into mirror neutrons that will go in the core mixing evenly with 16 O. In addition, some of the mirror neutrons actually oscillate back to ordinary neutrons according to Eqs. 1-2. To calculate the oscillation probability, we assume, at a later stage, the core has a similar density as a white dwarf (10 Alternatively, mirror neutrons can undergo mirror β-decay n → p +e − +ν with the same lifetime of about 888 sec [1] . When the ordinary core matter is fully enriched, i.e., no more neutrons can be taken, mirror neutrons have to decay to mirror protons. A mirror proton will fuse immediately with a mirror neutron to make a mirror deuteron. Subsequently, the mirror core matter will conduct mirror nucleosynthesis in a similar way as the ordinary one, e.g., three mirror alphas fuse into one mirror 12 C. At the same time, the fusion process on the ordinary side will produce free neutrons that can oscillate into mirror neutrons to enrich the mirror matter. Through this mutual oscillation process, both ordinary and mirror matter will develop into similar super neutron-rich structures that are evenly mixed.
The degenerate core's stability is maintained by the electron degenerate pressure and the energy release of fusion reactions and neutron enrichment process from both mirror and ordinary matter, ultimately from the 13 C(α, n) reaction. The Chandrasekhar limit for mixed ordinary and mirror matter is smaller than the usual value by a factor of √ 2. But large amounts of energy release could make the limit significantly higher. Therefore the limit could still be similar, i.e., close to the observed average neutron star mass of 1.4M .
Once all the helium are exhausted or its density is lowered enough to not sustain the triple-α process, therefore no more 13 C(α, n) running, the core stops growing. Without the heat from the burning and the neutron-enrichment process in the core, the core begins contraction and cools down, pushing away the red giant's hydrogen envelope.
When the core settles and starts pulling back the hydrogen envelope, it may go into the observed AGB phase, i.e., the second burning step that will be discussed below.
At the second phase, the outer envelope of hydrogen starts falling in and becoming compressed on the surface, it can react with the 16 O on the surface that was newly formed in the previous step and still mixed with some helium. The 16 O(p, γ) 17 F reaction makes 17 F nuclei very quickly, which will sink down in the ocean and decay into 17 O with a 64.5-second β + -decay half-life. Then the second neutron source reaction of 17 O(α, n) starts, although at a slower rate than the 13 C(α, n) rate in the first step. The rate of the only possible competing reaction 17 O(α, γ) is 16 orders of magnitude lower at T = 10 8 K as shown by
Best's work [29] . The typical structure of the star at the second or AGB phase is shown in Fig. 2 .
Note that the difference here is that the second phase burning starts from just outside and without the helium atmosphere. This probably explains why the AGB stars appear very bright. There may be convection in the ocean to move heavy ash nuclei 20 Ne down and bring 16 O back up. However, it is not required since the heavy 20 Ne sinks into the core, exposing the 16 O to the envelope again as if the envelope "eating" away the ocean layer by layer. Eventually the ocean material outside the core will be all processed in this way. Once no more neutrons are produced, the heat from the neutron-enrichment process of n − n oscillations in the core stops. The star begins contraction again and becomes a white dwarf composed of evenly mixed and fully neutron-enriched ordinary-mirror matter in the end.
If the produced mirror neutron matter exceeds 0.7M during the above two steps, in other words, the core weighs beyond the Chandrasekhar limit of about 1.4M , the red giant will undergo supernova explosion. As discussed above, the star will need at least 7.7M as a progenitor to explode. Before the explosion, the 13 C(α, n) and 17 O(α, n) reactions in the two phases naturally provide the neutron sources for the main (slower but longer) and weak (faster but shorter) s-processes, respectively. After the explosion, the neutron-rich inner layer material could be ejected and provide large amounts of neutrons for r-process, which could explain the abundances of r-process nuclei in early generation of stars and diverse sources for r-process [23] as discussed below.
Now we can consider the fate of more massive stars with M > 8M . In this case, there are actually double core collapses for ordinary and mirror matter, respectively. The ordinary and mirror matter will become a mix of mirror and ordinary neutrons forming the n − n star. As shown above, the core of the star can exceed the Chandrasekhar limit during any of the two phases. So we should see two types of core-collapse supernovae that can actually be identified with the observed ones. The core formed in both steps is essentially the same while the outer layers are much different and can help distinguish the two types.
First, Type II-Plateau supernovae (SNe II-P) have been reported with the following properties [40, 44] : most common (60%); less peak brightness but with a plateau in light curve; progenitor of 8 − 15M ; strong hydrogen lines with no helium. This matches exactly the type of supernovae collapsed in the second phase. Considering f n = 1/17 for the first step reaction 13 C(α, n) as shown in Table I , the star needs to burn at most 12M to go through the first step without reaching the Chandrasekhar limit. Adding 1M in the unburned ordinary core and 2M for the outer layers, one gets the upper mass limit of 15M . Combined with the lower mass limit from the white dwarf analysis above, this type indeed matches the same mass range for the least massive supernovae. During the second step, the burning starts from outside making the ocean layer very thick. When the core collapses, it has to blow off the thick O/Ne ocean layer which will lower its peak luminosity. On the other hand, during the explosion, the thick O/Ne layer may continue to generate energy by nucleosynthesis and therefore present itself as the plateau in light curve. The helium atmosphere is gone after the first step, and the hydrogen envelope is participating directly in burning during the second step, explaining why hydrogen spectrum lines are strong but no evidence of helium. This type of SNe may be the "high-frequency" events for heavy r-process nuclei [23] .
Second, Type II-Linear supernovae's (SNe II-L) features are as follows [44] : relatively rare (a few percent); more peak brightness but linear decline in light curve; progenitor more massive (> 15M ); evidence of helium; hydrogen lines appearing later and weaker.
This matches exactly the type exploded in the first phase. The very slow triple-α reaction starts the burning from the core. The subsequent neutron production reaction is much faster, growing the core accordingly. Therefore, the ocean layer is very thin. When the star explodes, it just needs to blast away the light helium atmosphere. The result is more luminosity in the peak and also a quick decline in light curve. Explosions in the first phase need more mass as discussed above. During the triple-α burning, the hydrogen envelope was pushed away and hence producing weaker hydrogen lines at a later time. This type of SNe may be the "low-frequency" events for light r-process nuclei [23] . This type of SNe may also dominate in the early universe as they evolve faster and large amounts of neutrons ejected during the explosion can quickly burn the helium layer into carbon via 4 He+ 4 He+n → 9 Be and 9 Be(α, n) 12 C reactions that are much faster than the triple-α process [45] . This may enhance the carbon abundance in the early generation of stars leading to the so-called Carbon-Enhanced Metal-Poor (CEMP) stars [46] .
People rarely observe neutron star progenitors with mass beyond 20M [40] . Under this theory, we may be able to get an upper mass limit for neutron stars from this observation.
The first phase of neutron production in red giants converts about 1/17 of its mass to mirror neutrons at maximum. For a 20M star, therefore, it could end up with a core of 2.22M .
If 2.22M is indeed the limit, then stars need at least 20M to collapse into black holes in the first phase. On the other hand, a star with 15 − 20M can build a core up to 3 − 4M at the end of the second phase and then quietly turns into a black hole in the end. This may explains why the above-mentioned SNe II-L are so rare.
Now the interesting test mentioned in the beginning can be easily answered. By the time the neutron star (more properly n − n star) forms, it is already evenly mixed between mirror and ordinary matter. So there is no mass loss or orbital period changing as suggested by Ref. [13] . Therefore, the new theory is consistent with the test of pulsar timings and gravitational wave observations [12] .
Another interesting result that can be obtained under this theory is that oscillating movement from the mirror matter in the star is unavoidable as gravity serves as the restoring force for the oscillations. The oscillating period of the mirror matter can then be written as Period = 3π Gρ
where G is the gravitational constant and ρ is the matter density where the mirror particles are located. Due to the gravitational coupling, the ordinary matter has to do the counter movement and therefore presents some kind of pulsating behavior, in particular, periodic changes in luminosity. As a matter of fact, such behaviors are very common in stars, especially in red giants like the Cepheid variables that can be used to determine distances and the compact remnants like neutron stars [47] and even white dwarfs [48] . Such phenomena may help reveal the distribution and movement of mirror matter inside an astrophysical object or understand the laws for the mirror matter. For example, neutron stars have density of about 10 14 g/cm 3 and an oscillation period of ∼ 10 −3 s that can be estimated from Eq. 8 has indeed been observed in neutron stars [47] . The 5-min oscillations from the Sun [49, 50] could also be explained by a small amount of oscillating mirror matter in the center at a density of ∼ 10 3 g/cm 3 . The typical period of a red giant variable is between hours and days that can be understood with oscillating mirror matter in its photosphere with a density of 1 − 10 −3 g/cm 3 since, as discussed above, the variable star is constantly producing mirror neutrons that can migrate to the photosphere.
To conclude, the new theory for single star evolution coupled with the n − n oscillation model is strongly supported by astrophysical observations. The mirror matter just like ordinary matter may indeed exist in our universe, especially in stars. This theory could also be applied to the studies for binary or multiple star systems. In particular, Type Ia supernovae, galaxy collisions [51, 52] , and recently observed neutron star mergers [53] 
